1. Introduction {#sec0005}
===============

MicroRNAs (miRNAs) are short-length, non-coding single strand RNA molecules acting as epigenetic factors on gene regulation. Similarly to other genes, miRNAs are highly conserved among different species \[[@bib0005]\]. Their complementary sequence targets mRNA to prevent protein production by two different mechanisms involving either mRNA degradation or inhibition of translation \[[@bib0010]\]. In the last ten years, aberrant expression of miRNAs has been intensively studied in the pathogenesis of diseases, including cancer, recognizing these small molecules as a new source of prognostic and diagnostic biomarkers with large applicability to the clinical medicine \[[@bib0015],[@bib0020]\]. Nowadays, increasing evidence shows that alterations in miRNA expression may occur in response to environmental agents and pollutants, making miRNAs essential and specific also in the health risk assessment. Considering acute or chronic environmental exposure, clusters of miRNA differentially expressed in exposed and unexposed subjects represent a molecular signature associable to such exposures \[[@bib0025]\]. Also in the occupational setting, where strictly controlled exposure to toxicants or carcinogens may occur, miRNAs may be regarded as novel, alternative or complementary biomarkers to the most widely used in the biological monitoring (e.g. biomarkers of dose, of early effect and of susceptibility) \[[@bib0030]\]. Their stability and presence in body fluids as circulating molecules make miRNAs easy to isolate. They are ubiquitous and have been found in urine, blood plasma/serum, saliva, seminal fluid, pleural, peritoneal fluids, bronchial lavage, amniotic liquid, breast milk \[[@bib0035],[@bib0040]\].

Very little is known about the role of miRNAs in the occupational setting and only few studies have been published so far. In a study conducted on farmworkers exposed to organophosphate pesticides significant differences in miRNA profiles were identified between workers and controls as well as between different seasons. Five miRNAs showed a positive dose-response relationship with organophosphate metabolites in the exposed workers \[[@bib0045]\]. In another study, plasma miRNA expression was investigated in ninety-one subjects occupationally exposed to high levels of benzene (12.1 mg/m^3^ i.e. 3.7 ppm). Two groups of miRNAs, one with higher expression and another with lower expression, were identified in exposed workers versus controls. Benzene exposure was found to relate with high expression of miR-638 and decreased expression of miR-22 1-3 p and miR-122-5p in human plasma \[[@bib0050]\]. A further study reports on the effects of Trichloroethylene (TCE) exposure on workers employed in the lock industries. The authors found that TCE affected the pulmonary function and induced a significant decrease in the dehydroisoandrosterone sulphate (DHEAS) level of the exposed workers in comparison to the controls, indicating its potential effect for endocrine disruption. The effect of TCE on Let-7c miRNA expression was investigated in the plasma of exposed workers showing no changes following exposure. Further studies will be essential to clarify the mechanism of TCE toxicity \[[@bib0055]\].

Aberrant miRNA profiles were detected also in workers undergoing chronic benzene poisoning. Six miRNAs (miR-34a, miR-205, miR-10b, let-7d, miR-185 and miR-423-5p-2) were up-regulated and seven (miR-133a, miR-543, hsa-miR-130a, miR-27b, miR-223, miR-142-5p and miR-320b) were down-regulated when groups were compared to healthy controls (p ≤ 0.05) \[[@bib0060]\]. Another recent study conducted on firefighters exposed to several toxicants and carcinogens (benzene, polycyclic aromatic hydrocarbons, formaldehyde, arsenic, 1--3 butadiene, cadmium, chromium, asbestos, flame retardants and particulates) reports nine miRNAs with at least a 1.5-fold significant difference between fifty-two incumbent firefighters and forty-five newly employed nonsmoking firefighters \[[@bib0065]\]. These few publications highlight miRNAs role as biomarkers of exposure or of early effect and their applicability to the biomonitoring at workplace \[[@bib0035],[@bib0040]\].

In this work we present a preliminary study where a small group of workers exposed to organic solvents (ethylbenzene, toluene, xylene etc.) used in the shipyard painting activity and a small group of control subjects were bio-monitored for the respective metabolites, excreted in the urine. Urinary DNA and RNA oxidized nucleotides and nucleosides used as biomarkers of oxidative damage were also determined. In particular we measured 1) 8-Oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodGuo), the oxidized form of the nucleoside guanosine, formed by guanine attached to a deoxyribose from the 2′-deoxyribonucleotide pool \[[@bib0070]\]; 2) 8-Oxo-7,8-dihydroguanosine (8-oxoGuo), the oxidized form of the nucleoside guanosine formed by guanine bound to a RNA ribose; 3) 8-Oxo-7,8-dihydroguanine (8-oxoGua), the oxidized form of the guanine, coming predominantly from DNA \[[@bib0075], [@bib0080], [@bib0085]\]. Neither cell death nor diet contribute considerably to urinary 8-oxodGuo whose levels are not influenced by long-term storage of urine specimens at −20 °C \[[@bib0075]\]. The concentration of cotinine, urinary metabolite of nicotine, was also measured in these samples in order to classify the subjects as smokers or non-smokers. Smoke is a well known confounding factor for benzene exposure as it contains several carcinogenic products that can stimulate DNA repair activity \[[@bib0090],[@bib0095]\]. Furthermore we analysed the circulating miRNome in exposed and control subjects in order to find possible associations between VOCs and urinary dose biomarkers and between miRNAs and dose/exposure biomarkers. Up-regulation of few miRNAs significantly associated to dose biomarkers in exposed workers with respect to controls was investigated in order to evaluate the role of miRNAs as potential biomarkers of exposure to VOCs.

2. Materials and methods {#sec0010}
========================

2.1. Subjects and study design {#sec0015}
------------------------------

For this study four high professional painters in a naval industry in the center of Italy were enrolled. All individuals were eligible and agreed to the methodological study after giving their informed consent. The data of this study were recorded as anonymous and can only be interpreted on a population level. All procedures performed in this study involving human participants (Declaration of Helsinki) were in accordance with the ethical standards of our Institutional committee and in accordance with the local ethics committee (ASL North West, Tuscany).

The exposed subjects were all males, identified as Ni with i from 1 to 4. They were compared to four unexposed control subjects indicated as Ci with the index running from 1 to 4. The characteristics of the subjects are shown in [Table 1](#tbl0005){ref-type="table"}.Table 1Subjects' characteristics.Table 1taskagesexsmokeN1supervision51malenoN2spray painting28malenoN3spray painting37maleyesN4spray painting34maleyesC1control33malenoC2control51femalenoC3control50femalenoC4control48maleno

A questionnaire was administered to the workers and control subjects to be enrolled in order to collect information on their life habits, cigarette smoking and use of drugs and to gather information on possible source of exposure to solvents outside the workplace. Questions were asked about the materials handled and the protection equipment used in the workplace. The exposure to solvents was assessed by personal air sampling and urine sampling performed at the end of the work-shift. The workers were monitored in two different experimental campaigns in July, July 1^st^ and July 8^th^ 2017. Blood samples for miRNA isolation were taken during the routine medical surveillance.

2.2. miRNA extraction {#sec0020}
---------------------

The extraction and reading of the miRNA matrix was performed by the Microgem Laboratory Research (Naples, Italy). The methodology described by Microgem is summarized in the following. Total RNA has been isolated from human blood plasma (200 μl) with miRNeasy Serum/Plasma kit (Qiagen). One μl of each sample has been analyzed by Bioanalyzer using small RNA chip. An aliquot of each RNA sample and the respective Spike-in controls have been dephosphorylated and labelled with Cy3-pCp in the presence of ligase. Samples have been purified and hybridized on Human miRNA microarray 8 x 60 K (miRBase database, Release 21.0) consisting of 2549 miRNA. The hybridization was performed at 55 °C for 20 h. After washing microarrays have been analyzed by laser scanner. Image analysis was performed by using the Feature Extraction 12.0 software (Agilent).

2.3. miRNA bio-informatic analysis {#sec0025}
----------------------------------

Data were normalized by means of quantile, probes filtering on the basis of expression values and on the basis of flag. A fold change analysis was performed with a cut-off of 1.5. The probes exceeding this fold change value were statistically analyzed. Once the expression values have been normalized and filtered, the downstream statistical analysis was performed by the authors of the paper.

2.4. Personal air monitoring {#sec0030}
----------------------------

In order to avoid any interference during spray painting inside a tunnel under very uncomfortable working conditions in terms of postural and climatic conditions, it was decided to monitor personal exposure to organic solvents by passive air sampling. The Radiello devices performed personal air monitoring of the gaseous phase of the target VOCs ethylacetate, benzene, toluene, ethylbenzene, p-xylene, m-xylene, o-xylene and styrene: the sampling covered the whole work-shift. The Radiello was chemically extracted with carbon disulfide and the samples were analyzed by GC--MS with internal standard method.

2.5. Biological monitoring {#sec0035}
--------------------------

The concentrations of ethylacetate, benzene, toluene, ethylbenzene, p-xylene, m-xylene, o-xylene, styrene were measured in different biological matrices: saliva and urine. The concentration of each VOC was correlated to its most common (specific) urinary metabolite. Not-metabolized (unmetabolized) VOCs in saliva were determined by GC--MS with the headspace analysis method \[[@bib0100]\] extended to urine analysis.

All the metabolites have been determined by HPLC-MS/MS with a Turbo Ion Spray (TIS) in the urine samples of workers, both before the start and at the end of the working shift, during two different sampling campaigns. The precursor→product ionic transitions monitored are in the negative ion mode for SPMA, MA, PGA, SBMA and MHIPP, while in the positive ion, MRM mode, (precursor→product) for the 8-oxoGua, 8-oxodGuo, for 8-oxoGuo, for cotinine and for their internal standards.

According to different analytical methods reported in [Table 2](#tbl0010){ref-type="table"} all values were divided by the concentration of urinary creatinine, in order to normalize results for the dilution grade of urine. Urinary creatinine was determined by the method of Jaffè using alkaline picrate test with UV/Vis detection at 490 nm \[[@bib0105]\]Samples with creatinine concentrations lower than 0.3 g/L or higher than 3.0 g/L were excluded from statistical analysis according to the American Conference of Governmental Industrial Hygienists (ACGIH) recommendation \[[@bib0110]\].Table 2Analytical methods for urinary metabolites.Table 2VOCBiomarkerMethodCVLODReferenceEthylbenzenePhenylglyoxylic acid (PGA)HPLC-MS/MS11%0.015 mg/lPaci et al., 2013 \[[@bib0115]\]EthylbenzeneMandelic acid (MA)HPLC-MS/MS11%0.02 mg/lXylenesMethylhyppuric acid (MHIPP)HPLC-MS/MS15%1 μg/mLThis paperTolueneS-benzyl mercapturic acid (SBMA)HPLC-MS/MS15%0.35 μg/LSabatini et al., 2008 \[[@bib0120]\]BenzeneS-phenylmercapturic acid (SPMA)HPLC-MS/MS10%0.026 μg/LSPMA and cotinine were determined according to\
Tranfo et al., 2017 \[[@bib0125]\]Nicotine (active smoking)cotinineHPLC-MS/MS10%12.41 μg/LDNA repair activity8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodGuo)HPLC-MS/MS20%1.69 nmol/LAndreoli et al., 2010 \[[@bib0130]\]RNA repair activity8-oxo-7,8-dihydroguanosine (8-oxoGuo)HPLC-MS/MS20%2.34 nmol/LDNA and RNA repair activity8-oxo-7,8-dihydroguanine (8-oxoGua)HPLC-MS/MS20%2.99 nmol/L

2.6. Chemicals and supplies {#sec0040}
---------------------------

Radiello passive air samplers were supplied by Supelco. All reagents were of high purity analytical grade.

All analytical reference standards were purchased from Chem-Service (Steinheim, Germany), except for styrene, which was purchased from Riedel-de Haën (Buchs, Switzerland), and for deuterium labelled styrene (d8) from Isotec, Inc. (Miamisburg, OH, USA).

Carbon disulfide was purchased from Sigma-Aldrich (Steinheim, Germany). A Milli-Q water purification system (Milli-pore, Bedford, MA, USA) was used to supply high purity de-ionized water. A polyethylene glycol capillary column DB-WAXetr 123--7334 (30 m × 0.32 mm i.d., 1.00 μm film thickness; J&W California, USA) was used for the chromatographic separation. Pure Helium (purity level 99.99%) was used as GC carrier gas (Air Liquid, Milan, Italy).

The analytical reference standards of 2 amino-6,8-dihydroxypurine hydrochloride (8oxoGua), 8-oxo-7,8 dihydro-2′deoxyguanosine (8-oxodGuo), 8oxo-7,8 dihydroguanosine (8-oxoGuo) and DL S-phenyl mercapturic acid (DL-SPMA) were purchased by Spectra 2000s.r.l (Rome, Italy). The analytical reference standards of DL mandelic acid, phenylglyoxylic acid and 2,3,4 methylhyppuric acid were purchased from Fluka (Sigma-Aldrich Milan, Italy) and cotinine (\>99.5%), benzylmercapturic acid (SBMA) 99% were supplied by Sigma-Aldrich (Milan, Italy).

The deuterium labeled internal standards 2-amino-6.8-dihydroxypurine-13C-hydrocloride, \[^13^C ^15^ N~2~\] 8-oxodGuo and \[^13^C ^15^ N~2~\] 8-oxoGuo, DL-SPMA-3,3-d2, ± mandelic-d5 acid (99.4%), sodium phenyl-d5- glyoxylate (99.8%) and cotinine-d3 (99%), were obtained from CDN Isotopes Inc (Pointe-Claire, Quebec, Canada). 6 N Hydrochloric acid, glacial acetic acid, 30% NH3 and ammonium acetate, dimethyl sulfoxide, sodium hydroxide solution (50--52% in water) and CHROMASOLV^®^ gradient grade (≥99.9%) methanol and acetonitrile for LC/MS were obtained from Sigma Aldrich (Saint Louis, MO, USA). Ammonium acetate (98%; Merck, Darmstadt, Germany) buffer was in water, purified water was obtained from a Milli-Q Plus system (Millipore, Milford,MA, USA). The SPE cartridges, Sep-Pak Plus C18 (10 mL, 500 mg) were supplied by Waters. Anotop 10LC syringe filter device (0.2-μm pore size, 10-mm diameter) was purchased from Whatman Inc. (Maidstone, England). A Sinergi Fusion C18 column (150 × 4.6 mm, 4 μm) supplied by Phenomenex (USA) and Synergi 4U Polar RP C18 column (150 × 4.6 mm, 4 μm) supplied by Phenomenex (USA) were used in the study. Urinary creatinine has been determined by the method of Jaffè, using alkaline picrate test with UV/VIS detection at 490 nm.

2.7. Statistical analysis {#sec0045}
-------------------------

Analyses were carried out with SPSS/PC statistical software package 19.0. (Inc., Chicago, IL, USA) and Statistical software R (R Foundation for Statistical Computing, Vienna, Austria). The solvents metabolites (MA, PGA, MHIPP, SPMA, SBMA) were measured as continuous variables. Normality of the distributions was assessed according to the Curtosi and Kolmogorov-Smirnov tests. Spearman's *ρ* was used to assess the correlation between all the variables measured.

A two-tail standard Students' test was used to select miRNAs that are statistically different in the sample of exposed and control subjects. As the number of variables is large compared to the sample size, in order to control the multiplicity, the Holm Bonferroni criterion was used to define an adjusted p value.

The miRNAs were ordered according to an increasing p value and 35 miRNAs were identified. The 35 selected miRNAs were also ordered on the basis of the average up or down regulation of the miRNA of the exposed versus the control sample. The up-regulated group is followed by the down regulated one. The expression matrix M(i,j) (where i from 1 to 35 is the miRNA index and j from 1 to 8 is the subject index in which j = 1:4 for the controls and j = 5:8 for the exposed) was calculated as the difference between the intensity value for each subject for each miRNA and the average miRNA calculated on all the subjects (8 subjects, 4 exposed and 4 controls), divided by the square root of the pooled variance$$M\left( {i,j} \right) = \frac{miRNA\left( {i,j} \right) - mean\left( {miRNA\left( {i,1:8} \right)} \right)}{\sqrt{{var}\left( {miRNA\left( {i,1:4} \right)} \right) + {var}\left( {miRNA\left( {i,5:8} \right)} \right)}}$$

Hierarchical clustering analysis, with similarity measure and complete linkage algorithm, and

principal component analysis, PCA, were also performed.

The correlations between the concentration of each solvent metabolite, MA, PGA, MHIPP, SBMA, SPMA, and between the oxidized guanine derivatives, 8oxoGua, 8oxoGuo, 8oxodGuo and the selected miRNA were measured. Only correlations higher than 0.8 were considered. Univariate linear regression models were studied between each urinary biomarkers and the set of miRNA selected through the high correlation criterion, previously described. The regression coefficients and an adjusted p-value for the linear regression significance were calculated.

3. Results {#sec0050}
==========

3.1. Personal environmental monitoring {#sec0055}
--------------------------------------

During the painting work-shift the personal exposure to solvents, due to airborne concentration without considering the personal protective equipment.67 resulted (mean values): ethylbenzene 17.5 mg/m^3^, toluene 208.6 mg/m^3^, styrene 0.16 mg/m^3^, p-xylene 16.3 mg/m^3^, m-xylene 36.5 mg/m^3^, o-xylene 17.6 mg/m^3^. It is worth stressing that these values refer to gaseous phase of solvents collected during spray painting and do not consider the aerosol components. It is also worth highlighting that styrene was not included in the solvent painting mixture. In the case of toluene air concentration resulted comparable with the Italian Limit Value for Personal Exposure 192 mg/m^3^, while for the other solvents the gaseous concentration is well below the relative Italian Limit Values (Ethylbenzene 442 mg/m3; Xylenes - sum of the isomers- 200 mg/m^3^).

3.2. Biological monitoring {#sec0060}
--------------------------

Two different experimental campaigns were conducted in this study with the same workers; A campaign in the first week of July and B campaign in the second week of July. The urine monitoring results of exposed subjects were obtained in two different campaigns at the beginning and at the end of the work-shift. [Table 3](#tbl0015){ref-type="table"} reports the results obtained for the urinary metabolites of the selected VOCs. The *t*-test at the bottom of each campaign shows the difference between start and end of the shift.Table 3Urinary metabolites measured in the two experimental campaigns at the beginning and the end of the work-shift.Table 3A CampaignMetabolites expressed in μg /g CreatinineBefore shiftSubject codeMAPGAMA + PGASBMAMHIPPSPMACotinineN15299.652143.467443.10\< LOD\< LOD0.18\< LODN23199.99291.023491.01\< LOD\< LOD0.18\< LODN32856.872229.665086.52\< LOD\< LOD0.41\< LODN41356.23708.252064.480.001335.130.342616.01End shiftN14609.752731.457341.19\< LOD\< LOD\< LOD\< LODN23901.522564.396465.910.197897.730.13\< LODN31419.884326.675746.55\< LOD20780.63588.67N43339.342839.786179.12\< LOD1706.60.771914.42**Paired t-testns0.010.07ns0.08nsnsB Campaign**Metabolites expressed in μg /g CreatinineBefore shiftSubject codeMAPGAMA + PGASBMAMHIPPSPMACotinineN11239.16706.581945.74\< LOD\< LOD\< LOD\< LODN2754.632421.583176.213.28\< LOD\< LOD\< LODN3706.702406.923113.626.5532.450.27386.22N41746.602205.083951.683.194768.840.721849.52End shiftN1940.59816.531757.12\< LOD219.860.18\< LODN21022.301659.642681.943.343722.390.12\< LODN3312.842576.832889.665.408559.290.46468.05N41558.081550.513108.597.905252.531.311363.64**Paired t-testnsns0.03ns0.0960.044ns**

Despite the Entry 5 of Annex XVII to the REACH Regulation 1907/2006 (03/10/2017) \[[@bib0135]\] prohibits the presence of benzene in mixtures at or above a concentration of 0.1% by weight (w/w), we found the presence of the benzene metabolite SPMA in most of the samples since this compound is a ubiquitous environmental pollutant produced, for example, by active smoking. Accordingly, cotinine values allowed to characterize the smoking habit of the four exposed workers: subjects N1 and N2 are non-smokers, subject N3 is a very light smoker, subject N4 is a smoker.

A paired Students\' test ([Table 3](#tbl0015){ref-type="table"}) between the beginning and the end of the work-shift shows that the increase of metabolite concentration due to the working activity is significant only in the case of PGA (A campaign) and for SPMA and the sum of PGA and MA (B campaign). The methylhyppuric acid concentration increases on average in both campaigns although the statistical test result is not significant. These findings reveal that active and passive smoking behavior of the subjects heavily affects the concentrations of the VOC and their urinary metabolites.

[Table 4](#tbl0020){ref-type="table"} instead reports the concentration of the most abundant unmetabolized VOCs measured in the headspace of the samples, both for saliva and urine samples, measured at the beginning and the end of the work-shift.Table 4Unmetabolized VOCs in saliva and in urine.Table 4Subjectsethylacetatebenzenetolueneethylbenzenep-xylenem-xyleneo-xylene∑XylenesstyreneSaliva beginning of work-shift (ng/ml)N134.420.851.190.180.260.470.341.071.29N283.370.781.390.260.300.570.381.241.26N325.522.763.690.460.411.030.471.902.08N418.661.624.960.900.752.031.073.862.73Saliva end of work-shift (ng/ml)N127.100.843.400.320.340.850.581.771.61N283.400.8314.650.840.802.110.863.782.02N3108.830.7618.400.921.052.340.854.231.33N471.230.813.630.330.370.880.561.801.14Paired t-test salivan.s0.08n.sn.sn.sn.sn.sn.sn.sUrine beginning of work-shift (ng/ml)N10.070.160.100.020.030.070.030.140.05N20.040.140.120.020.030.050.040.120.07N30.000.160.110.020.030.050.040.120.06N40.080.280.460.040.050.110.080.240.08Urine end of work-shift (ng/ml)N10.140.140.310.030.040.090.050.180.11N20.320.162.240.080.090.190.080.370.11N30.400.174.110.130.120.310.100.530.10N40.070.240.890.080.100.230.110.440.12Paired t-test urine0.07n.s.0.070.040.030.040.010.030.00Correlation urine - salivabeginning−0.180.180.790.760.860.831.000.930.64end0.74−0.220.960.780.680.650.120.60−0.13

In [Table 4](#tbl0020){ref-type="table"}, a paired two-tails Students\' test shows a significant increase of the concentrations of ethylbenzene, p-xylene, m-xylene, o-xylene measured in urine at the end of the work-shift. The same test has been applied to saliva but it is not statistically significant. A good correlation was found between the concentrations of toluene in saliva and in urine particularly at the end of the work-shift (0.96 compared to 0.79 at the beginning). Differently, in the case p-xylene, m-xylene and o-xylene the correlation between the concentration measured in urine and in saliva is particularly good at the beginning of the work-shift, 0.86, 0.83 and 1.00 respectively whilst at the end of the work-shift it is reduced especially for the o-xylene. The correlation between the concentration in urine and in saliva is acceptable, 0.76, 0.78 respectively for the ethylbenzene at the beginning and the end of the work-shift. These findings show that saliva is a much more difficult matrix to be managed likely due to the volatility of the VOCs. The correlation between the VOC directly measured in biological fluids (saliva, urine) and the corresponding urinary metabolites was studied. The results are summarized in [Table 5](#tbl0025){ref-type="table"}.Table 5Correlation between each organic solvent, measured in saliva and in urine at the beginning and the end of the work-shift, and its main urinary metabolite.Table 5VOC-metabolite pairWork-shiftCorrelationUrine matrixSaliva matrixXylenes - Methylhyppuric acidbeginning0.990.96end0.980.65p-xylene - Methylhyppuric acidbeginning0.960.96end0.950.73m-xylene - Methylhyppuric acidbeginning0.950.94end1.000.64o-xylene - Methylhyppuric acidbeginning0.990.99end0.830.50Ethylbenzene - PGAbeginning0.070.46end1.000.80Ethylbenzene - MAbeginning0.900.67end−0.51−0.71Ethylbenzene - MA + PGAbeginning0.600.85end0.770.36Benzene - SPMAbeginning0.960.45end0.98−0.24Toluene - SBMAbeginning0.010.54end0.30.13

Methylhyppuric acid is well correlated to the different kind of xylene, p-xylene, o-xylene, m-xylene and their sum both at the beginning and the end of the work-shift, especially as it regards the concentrations measured in urine (for the sum, 0.99 at the beginning and 0.98 at the end of the work-shift). These findings confirm that the methylhyppuric acid concentration can be used as a good biomarker of the xylene absorption. Ethylbenzene and PGA are well correlated, both in saliva and in urine at the end of the work-shift. Differently, ethylbenzene and MA show high correlation, both in saliva and in urine only at the beginning of the work-shift. These findings suggest that, whilst the PGA seems to be a good biomarker of the ethylbenzene absorption during the working activity, the MA at the end of the work-shift is influenced by other VOCs, in particular by the presence of styrene, as it can be seen by the concentration data found in both urine and saliva. Although styrene should not be present in the paints, it can be a residual pollutant coming from other working tasks. Benzene and SPMA are very well correlated but only in the case in which the urine concentration of benzene is considered. As previously pointed out, the saliva sampling is much more affected by the alteration due to the high volatility of the organic compounds. The correlation between toluene concentrations, in both urine and saliva and the SBMA was found very poor both at the beginning and the end of the work-shift.

3.3. miRNA {#sec0065}
----------

Adopting the adjusted p-value, only two miRNA were found statistically different in the group of exposed and control subjects, i.e.: hsa_miRNA_6819_5p, hsa_miRNA_6778_5p.

In particular, these miRNA were both up-regulated in the group of exposed subjects in comparison to the controls. The hierarchical cluster analysis of the selected miRNA is shown in [Fig.1](#fig0005){ref-type="fig"}.Fig. 1Hierarchical clustering analysis with respect to the miRNA most differently expressed between exposed and control.Fig. 1

The expression matrix, calculated accordingly to Eq. [(1)](#eq0005){ref-type="disp-formula"}, relative to the selected 35 miRNAs is reported in [Fig. 2](#fig0010){ref-type="fig"}. As shown in this figure, miRNA profile of N1 subject is much more similar to the miRNA profile of the controls than to that of the exposed subjects. This result is not surprising as the subject N1 was involved in a task very different from that of the other exposed workers. Indeed N1 subject was not engaged in the spray painting as the others, being his task mainly the supervision of the other activities. This result is confirmed by PCA analysis, performed with respect to the miRNA, as shown in [Fig. 3](#fig0015){ref-type="fig"}.Fig. 2Expression matrix for the selected miRNA. The miRNAs are grouped as up and down-regulated in exposed with respect to control subjects.Fig. 2Fig. 3Principal component analysis (PCA) performed on the miRNA of all samples of the dataset. The N1 subject is much more similar to the controls than to the exposed workers.Fig. 3

This occurrence is in agreement with the exposure biomarker profile as seen in [Fig. 4](#fig0020){ref-type="fig"} where the PCA analysis carried out on the exposure biomarkers variables is shown.Fig. 4Principal component analysis (PCA) performed on the exposure biomarkers of all samples of the dataset. The N1 subject is much more similar to the controls than to the exposed subjects.Fig. 4

The results of the Linear regression analysis of the association between the urinary biomarkers of exposure, MHIPP, PGA, MA, SBMA, SPMA and oxidized guanine derivatives and the exponential function of the specific miRNAs chosen among the miRNA that most differed in exposed and controls is shown in [Table 6](#tbl0030){ref-type="table"}. The determination coefficient R2, the slope of the linear regression and its statistical significance (adjusted with an Holm Bonferroni criterion in order to control the multiplicity) are also shown.Table 6Linear regression analysis of the association between urinary biomarkers and selected miRNAs.Table 6Urinary biomarkermiRNAR2β coeffStat sign\
Adjusted p valueMHIPP (μg/g Creatinine)**hsa_miR_671_5p**0.980.0390.001071hsa_miR_6893_5p0.750.04n.s.hsa_miR_5006_5p0.690.061n.s.hsa_miR_7108_5p0.70.017n.s**hsa_miR_6760_5p**0.830.0290.0443**hsa_miR_188_5p**0.850.0340.0342hsa_miR_937_5p0.780.006n.s.hsa_miR_60710.680.025n.s.hsa_miR_3682_3p0.680.016n.s.hsa_miR_6879_5p0.650.160n.s.PGA (μg/g Creatinine)hsa_miR_6893_5p0.770.053n.s.hsa_miR_5006_5p0.760.0838n.shsa_miR_7108_5p0.640.0214n.s.hsa_miR_6380.720.783n.s.hsa_miR_57030.730.342n.shsa_miR_6300.720.731n.s.**hsa_miR_937_5p**0.830.0080.0415hsa_miR_80720.70.137n.s.MA (μg/g Creatinine)hsa_miR_6819_5p0.640.283n.s.SBMA (μg/g Creatinine)hsa_miR_671_5p0.6534.04n.s.SPMA (μg/g Creatinine)hsa_miR_671_5p0.76168.63n.s.8oxoGua (μg/g Creatinine)hsa_miR_6778_5p0.72−3.76n.s.

Here miRNA_671_5p is significantly correlated to the Methylhyppuric acid concentration. [Fig. 5](#fig0025){ref-type="fig"} describes the exponential function of the miRNA expression value (miRNA_671_5p) versus the urinary concentration of Methylhyppuric acid (creatinine adjusted) measured at the end of the work-shift, averaged on the two different experimental campaigns. The data and the best fitting linear regression model are shown.Fig. 5Exponential function of the (miRNA_671_5p) expression value versus the end shift concentration of Methylhyppuric acid.Fig. 5

The same miRNA is also correlated to SPMA and SBMA. The regression model is not statistically significant in these cases as the p-value significance does not survive to the adjustment. A negative correlation was found between the creatinine adjusted 8oxoGua concentration, measured in the end shift urine and averaged on two different experimental campaigns, and miRNA_6778_5p as shown in [Fig.6](#fig0030){ref-type="fig"}. Although the linear regression model does not reach the statistical significance, this finding indicates that the up-regulation of miRNA_6778_5p occurs in exposed subjects with respect to the controls and might be related to the oxidative stress control in chronically exposed workers.Fig. 6Exponential function of the (miRNA_6778_5p) expression value versus the concentration of the 8oxoGua. The best fitting linear regression is also shown.Fig. 6

4. Discussion {#sec0070}
=============

The study here presented on the biomonitoring of a group of individuals working in the ship painting activity aims to the following purposes:

1\) to investigate the association between exposure to VOCs and their respective urinary and saliva metabolites during the work-shift;

2\) to characterize the miRNome in controls and exposed subjects and find differences in miRNA profile;

3\) to identify miRNAs differentially expressed in the two groups and associated to VOCs' and relative metabolites as potential biomarkers of exposure.

Although the study is preliminary and involves few workers, the data collected here indicate interesting relations between miRNAs and exposure to VOCs.

The quality of the data relative to the biological monitoring of the solvent metabolites has been assessed by means of simultaneous measure of the same unmetabolized solvents in different biological fluids. Urinary biomarkers of oxidative stress were also measured, *i.e,* the oxidized form of the nucleoside guanosine which was associated to the miRNA profile. Since some of the VOCs studied are also present, both unchanged and in the form of metabolites, in the urine of smokers, it was not possible identify the amount of VOCs coming from the painting activity from those related to the smoking habit. In any case, as specific metabolites have been identified for each VOC, it was possible to find specific association between VOCs and miRNAs.

The analysis of the miRNome in the eight subjects demonstrated differences in miRNA expression between exposed and unexposed workers. Two miRNAs in particular, miR_6819_5p and miR_6778_5p were significantly up-regulated in the exposed group in comparison to controls, with the exception of one single individual (N1) which the PCA analysis classified in the control group.

When all the miRNAs were analyzed against each of the VOC metabolites (MHIPP, PGA, MA, SPMA, SBMA) including 8oxoGua we found interesting associations.

MHIPP, the metabolite of all xylenes, strongly associated to miRNA_671_5p. It also represented a reliable biomarker of xylene absorption, mostly in urine. MiRNA_671_5p was associated, though not significantly, to the SPMA and the SBMA, the metabolites of benzene and toluene, while PGA, a metabolite of both ethylbenzene and/or styrene, was found significantly associated to miRNA_937_5p. Between 8oxoGua and miRNA_6778_5p a high anti-correlation was observed which did not reach the statistical significance. However, this is the first association involving miRNA and an oxidized nucleoside in biomonitoring studies.

Although it is difficult to infer the biological meaning standing behind the miRNA pattern found by this analysis, we believe the difference in miRNAs expressed in exposed workers and controls is worth of further investigation and should be confirmed on a larger number of individuals, provided that similar environmental and occupational conditions are reproduced.

According to EU-OSHA principles regarding the health and safety at work \[[@bib0140]\] it would be useful to find further biomarkers which may possibly act as "sentinels" of exposure or of early effect in the exposure to dangerous substances such as the carcinogenic VOCs analyzed here. In this context, miRNAs look as candidates with great potential, as they are present in any human biological fluid and can be isolated with commercial kits with no risk for the worker. As far as we know there are few studies investigating the role of miRNAs as novel biomarkers of occupational exposure, most of which have already been described in the introduction \[[@bib0045],[@bib0050], [@bib0060],[@bib0065]\]. One of these studies found in the recent scientific literature is similar to our investigation. It was carried out on 169 workers exposed to three VOCs (toluene, xylene, and ethylbenzene) and by microarray analysis the authors were able identified 467 miRNAs for toluene, 211 miRNAs for xylene and 695 for xylene as exposure biomarkers which could distinguish each VOC in the exposed and control groups \[[@bib0145]\]. This study together with our investigation confirms the potential role of miRNAs in the biological response induced by occupational carcinogens. It also highlights the importance to find miRNA signatures specific of single or multiple exposures which, once validated, will contribute to increase the safety conditions at work.

5. Conclusions {#sec0075}
==============

Two miRNAs, specifically miR_6819_5p and miR_6778_5p, were found significantly up-regulated in a group of 4 workers assigned to a shipyard painting activity with respect to a control group. Significant associations were found between miRNAs and organic solvents absorbed dose, evaluated through the VOC urinary metabolites. In particular, the methylhippuric acid significantly correlated to miRNA_671_5p, miRNA_6760_5p and to miRNA_188_5p, whilst the phenylglioxylic acid was significantly associated to miRNA_937_5p. An interesting, although not significant anticorrelation was found between the 8-oxo-7,8-dihydroguanine (8-oxoGua) urinary concentration, interpreted as biomarker of oxidative stress, and miR_6778_5p. As proven in the clinical medicine miRNAs are the novel molecular biomarkers of disease. Similarly, in the occupational medicine field, the use of miRNAs to identify molecular signature associated to a specific exposure would be advantageous for disease prevention and health promotion at workplace. Although the small number of subjects included in the present investigation can be seen as a limitation, this can be considered a pilot study, from which some important information can be drawn that could drive future and more robust studies: specific miRNAs could be used as biomarkers of exposure to match with specific VOCs at defined concentrations. Target genes of miRNA differentially expressed in exposed subjects can be identified and their polymorphisms could be possibly characterized to add further information on the genetic susceptibility of workers.
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